Temperature-sensitive mutants which replicate normally at 33 C but poorly at 39 C were isolated from nitrosoguanidine-or nitrous acid-mutagenized adenovirus 2 by (i) testing the cytopathic effect or inclusion body-forming capacity of random plaque isolates, or (ii) reduced plaque enlargement upon shifting from 33 to 39 C. Thirty-six mutants were isolated with 33 C/39 C plaque ratios varying from 20 to 10g. Some of these mutants could be arranged into 13 groups by the complementation test. By means of recombination analysis a provisional linear genetic map was constructed.
Temperature-sensitive mutants which replicate normally at 33 C but poorly at 39 C were isolated from nitrosoguanidine-or nitrous acid-mutagenized adenovirus 2 by (i) testing the cytopathic effect or inclusion body-forming capacity of random plaque isolates, or (ii) reduced plaque enlargement upon shifting from 33 to 39 C. Thirty-six mutants were isolated with 33 C/39 C plaque ratios varying from 20 to 10g. Some of these mutants could be arranged into 13 groups by the complementation test. By means of recombination analysis a provisional linear genetic map was constructed.
Conditional lethal mutants of the temperature-sensitive class (1, 3, 4, (6) (7) (8) 12 ) and the host-range class (2, 8, 9) have been isolated from several types of adenoviruses. Although adenovirus type 2 (Ad2) is one of the most intensively studied serotypes of human adenoviruses, this investigation is, to our knowledge, the first report of the isolation of ts mutants of this virus. MATERIAL AND METHODS Virus. The virus designated as the wild-type (WT) strain was grown in a KB cell suspension culture at 37 C, followed by two cycles of plaque purification at 33 C. All of the nitrosoguanidine-treated ts mutants described below were isolated from the WT. The nitrous acid-treated ts mutants were derived directly from a WT stock without prior plaque purification. Virus was titrated on KB cells by a modification of the plaque-assay reported by Williams (11) . The medium was supplemented with 2% calf serum and 0.4 mM arginine, but without additional MgCl2. When plaques appeared, they were either stained with neutral red or the monolayers were fixed with acetic acid-ethanol (1:3) and then stained with 0.1% crystal violet in 20% aqueous ethanol. Staining with neutral red was at times omitted, as the plaques were clearly visible without staining. Infectious virus was also quantitated by counting cells containing virusinduced inclusion bodies as described previously (10 (ii) Method 2. Isolated plaques at 33 C were picked at random and tested for inclusion body formation at 33 and 39 C in HEp-2 cells.
In methods 1 and 2, those plaque isolates showing a 33 C/39 C PFU ratio of greater than 10 were plaque purified once or twice more, and each time tested for plaquing ratio.
(iii) Method 3. The mutagenized virus was diluted to give no more than 30 plaques per plate and inoculated on KB monolayers at 33 C. On day 8 of incubation, the plates were stained with 0.004% neutral red. One day later, small plaques were circled on the outer surface of the petri dish with a diamond pencil. The plates were then transferred to 39 C.
Plaques that failed to enlarge after 3 to 6 days at 39 C were picked and resuspended in 0.5 ml of medium and tested as in methods 1 and 2 with respect to the magnitude of the plaquing ratio.
Complementation. Monolayers of KB cells in eight-chamber Lab-Tek plates (Division Miles Laboratories Inc.) were either double infected with mutants, each at a multiplicity of input (MOI) of 4 (a combined multiplicity of 8) or singly infected at a MOI of 8. After 1 h of adsorption at 33 C, the cells were washed four times with buffer and incubated at 39 C for 48 h. One set of singly infected cultures was also incubated at 33 C for 64 to 70 h. The cells were scraped into the culture medium, frozen and thawed three times, and stored at -20 C until assayed for infectivity at 33 C. The complementation index (CI) was measured by comparing the virus yields at 39 C in the single and double infections and corrected for statistical variation as follows: Recombination. Monolayers of KB cells in 48-well Linbro plates (6 mm in diameter, Belco Glass Inc., Vineland, N.J.) were either doubly infected with mutants, each at a MOI of 5 (a combined MOI of 10) or singly infected at a MOI of 10. Virus was adsorbed for 1 h at 33 C, then the cells were washed four times and incubated at 33 C for 65 h. The cells were scraped into the medium, frozen and thawed three times, and stored at -20 C until titration. Each sample was titrated by the plaque assay at 33 and 39 C. Some plaques were picked from the crosses titrated at 39 C and progeny tested at 33 and 39 C. The percentage of WT recombination frequency (RF) was calculated as follows:
where AB is the mean of the mixed infections titrated at 39 or 33 C as indicated by the superscripts and tsX and tsB are the means of the single infections titrated at 39 C. The correction factor subtracted from the numerator represents the plaques due to leakiness and reversion within each of a pair of mutants. This factor is halved to adjust for the double MOI.
RESULTS
Mutagenesis with nitrosoguanidine and nitrous acid. Treatment with 100 ,g of MNNG per ml inactivated replicating Ad2 with typical multicomponent kinetics. The results of several experiments demonstrating the effect of MNNG on Ad2 infectivity are shown in Fig. 1 . MNNG treatment at either pH 8 or 7 gave similar virus growth-inhibition curves. The surviving fraction of infectivity as a function of exposure time decreased very rapidly during the first 10 min and then changed slope, to an inactivation level of 10-4 to 10-5, probably in response to a resistant component or the inactivation of nitrosoguanidine itself. To obtain mutants, virus stocks treated for 40 min were used.
The survival curve of Ad2 WT after treatment in vitro with nitrous acid is shown in Fig. 2 . In general, the inactivation kinetics resembled that of nitrosoguanidine. Maximal inactivation was reached at 10-3. For comparison, phage lambda was treated with nitrous acid under identical conditions. Lambda was inactivated somewhat more rapidly (Fig. 2) . For mutant isolation, samples treated for 7 min were employed.
Isolation of mutants. Thirty-six ts mutants have been isolated so far. Representative results of the plaque-forming ability of these mutants are shown in Table 1 . The ts mutants are grouped in order of decreasing 33 C/39 C plaque-forming ratio, which varied from 101 to 106, whereas the ratio for the parent (WT) virus was around 2. The yield of virus from single plaques titrated at 33 C ranged from 2.0 x 105 to 1.3 x 107 PFU/plaque. This variation may be attributed to the heterogeneity of plaque size as well as some degree of temperature-sensitivity already at the permissive temperature. The infectivities at 39 C ranged from 3.5 x 105 to <101. Some of the mutants which failed to form plaques at 39 C nevertheless induced cyto- The percentage of WT RF was calculated from the mean of the four experiments. Since many of the mutants were somewhat leaky, a total of 296 plaques were picked at 39 C from 25 different crosses and progeny tested at 33 and 39 C. On the average, 86% of these plaques behaved like the WT, and were therefore true recombinants. The remaining 14% of the plaques were ts and may be attributed to leakiness. Several (6) of the RFs were corrected for this type of error. Five crosses (53 x 235, 166 x 186, 166 x 231, 166 x 517, and 517 x 235) which showed very high RF were not among the corrected lot, as no plaques had been picked from these. Although some variation in the RF was observed from experiment to experiment, the average RF obtained from the four replicate experiments is shown in Table 5 . The mean RF ranged from 0 to 38.2. The several 0 values were due to the method of calculation, in which the sum of the leakiness and reversions of the single infections was subtracted from the plaques obtained in the mixed infection.
A recombination map was constructed by the following procedure. The RF for each of the 64 crosses in the experiment were examined as groups of three crosses, thereby fixing the order of three mutants on a mini-map. This process was repeated for all combinations of groups of three mutants. For example, ts 53 was 13.7 RF from ts 74 and 20.9 RF from ts 166, whereas ts 74 was 14.7 from ts 166; therefore, the correct sequence is ts 53, ts 74, ts 166. a Minimal ratio of yields from cultures infected with 8 ICU/cell at both temperatures was calculated as: the mean yield at 33 C minus the standard error/the mean yield at 39 C plus its standard error. The recombination analysis with the ts mutants described above appears to be consistent with the results of the complementation analysis. With the exception of the pair ts 155 x 500, all other mutants with low CI mapped distantly by recombination. Progeny analysis of plaques picked at 39 C from crosses revealed 86% WT recombinants, confirming earlier reports of the existence of true recombination between adenoviruses. In view of the complexity of the recombination analysis, the linkage map obtained may be regarded as assigning a provisional order to the mutants tested, rather than insisting on the genetic distances. Preliminary biochemical analysis indicate that all of the mutants in the 13 complementation groups are late mutants, and that mutants within the same group have indistinguishable phenotypes. Further biochemical characterization of these and additional mutants is currently in progress.
